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Abstract. Microcomputed tomography (lCT) is widely
used for nondestructive bone phenotyping in small
animals, especially in the mouse. Here, we investigated
the reproducibility and resolution dependence of lCT
analysis of microstructural parameters in three diﬀerent
compartments in the mouse femur. Reproducibility was
assessed with respect to precision error (PE%CV) and
intraclass correlation coeﬃcient (ICC). We examined 14
left femurs isolated postmortem from two strains of
mice (seven per group). Measurements and analyses
were repeated ﬁve times on diﬀerent days. In a second
step, analysis was repeated again ﬁve times for a single
measurement. Resolution dependence was assessed by
high-resolution measurements (10 lm) in one strain and
subsequent image degrading. Reproducibility was better
in full bone compartment and in cortical bone com-
partment in the diaphysis (PE%CV = 0.06–2.16%) than
in trabecular compartment in the distal metaphysis
(PE%CV = 0.59–5.24%). Nevertheless, ICC (0.92–1.00)
showed a very high reliability of the assessed parameters
in all regions, indicating very small variances within
repeated measurements compared to the population
variances. Morphometric indices computed from lower-
and higher-resolution images displayed in general only
weak dependence and were highly correlated with each
other (R2 = 0.91–0.99). The results show that parame-
ters in the full and cortical compartments were very
reproducible, whereas precision in the trabecular com-
partment was somewhat lower. Nevertheless, all com-
partmental analysis methods were very robust, as shown
by the high ICC values, demonstrating high suitability
for application in inbred strains, where highest precision
is needed due to small population variances.
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The use of the mouse as a model for human musculo-
skeletal diseases has increased in popularity as the mouse
genome has been well characterized. The advantages of
the mouse model are that various strains have been
observed to exhibit disease state characteristics similar to
those found in humans and that the mouse is easily
accessible to manipulation of the genetic makeup by
either gene knockout, gene overexpression (transgenes),
or genetic breading strategies [1]. Despite the wide
variety of methods available today for assessing bone
properties, nondestructive imaging methods such as
peripheral quantitative computed tomography (pQCT)
and dual X-ray absorptiometry (DXA) have limited use
for evaluation of microstructural parameters due to the
small size of murine bones. Histomorphometry, despite
its very high resolution, is a destructive and time-con-
suming method. Alternatively, microcomputed tomog-
raphy (lCT) is fully nondestructive and well suited for
assessing truly three-dimensional (3D) microstructural
bone properties [2–7]. Previous studies have shown lCT
to be an accurate technique with close correlations be-
tween microtomographic and histomorphometric mea-
surements of static structural bone metrics in various
applications [8–12]. However, accuracy of lCT is always
dependent on the resolution chosen compared to the
structure being measured and has therefore to be
investigated in all the diﬀerent resolution/application
conﬁgurations.
Reproducibility has been examined for diﬀerent
analysis procedures and tissue parameters for various
bone measurement techniques including DXA [13–15],
ultrasound (US) [16, 17], magnetic resonance imaging
(MRI) [18–21], and pQCT [12, 22]. However, repro-
ducibility data for structural bone properties analyzed
by means of lCT are quite rare and, to our knowledge,
have not been assessed so far in the mouse.
In this study, we investigated the reproducibility of
microtomographic analysis of structural parameters in
three diﬀerent compartments of the mouse femur and
for two diﬀerent strains. As measures of reproducibility,
we examined the precision error (PE) as introduced by
Gluer et al. [23] and the intraclass correlation coeﬃcient
(ICC) as ﬁrst described by Shrout [24]. We also testedCorrespondence to: R. Mu¨ller; E-mail: ralph.mueller@ethz.ch
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whether the chosen scanning conﬁguration provides
suﬃcient accuracy to represent the microarchitecture of
murine trabecular bone. Therefore, we investigated the
resolution dependence of microstructural parameters in
a subvolume of the trabecular bone compartment.
Materials and Methods
Animals
For the study, mice of two diﬀerent inbred strains were ob-
tained from Harlan (Jerusalem, Israel). One strain was C3H,
which is typically referred to as a high-bone mass strain [25,
26], and the other strain was SJL, which exhibits thin bone
cortices and low trabecular volume density. Two groups
including seven female animals, 8–11 weeks old, were formed
for each strain. At the time of death, left intact femurs were
excised from all animals and kept in 70% ethanol for further
analysis. Experimental protocols were approved by the Insti-
tutional Animal Care and Use Committee, Faculty of Medi-
cine, Hebrew University of Jerusalem, Israel.
Experimental Protocol
For testing the reproducibility of the 3D morphometric eval-
uation (measurement and analysis), the left femur of each
mouse in the two groups was measured ﬁve times on diﬀerent
days on a lCT imaging system with 20 lm isotropic voxel
resolution and analyzed by a single operator. In a second
setup, the reproducibility of the compartmental analysis pro-
cedure only was investigated. Therefore, the median mea-
surement according to trabecular bone volume density was
taken and reanalyzed ﬁve times, again by a single operator.
Additionally, we measured all seven femurs of the SJL strain
with 10 lm isotropic voxel resolution and digitally reduced
voxel resolution to 20, 30, and 40 lm voxel size to investigate
the resolution dependence of the structural parameters in
trabecular bone.
Microtomographic Imaging System
The microtomographic imaging system (lCT 40; Scanco
Medical, Bassersdorf, Switzerland) used in this study was
equipped with a 5 lm focal spot X-ray tube as a source. A 2D
charge-coupled device, coupled to a thin scintillator as a
detector, permitted acquisition of 20 tomographic images in
parallel. The long axis of the femur was orientated orthogonal
to the axis of the X-ray beam. The X-ray tube was operated at
50 kVp and 160 lA. The integration time was set to 100 mil-
liseconds. Scans for testing reproducibility were performed at a
nominal resolution of 20 lm in all three spatial dimensions
(medium resolution mode). Two-dimensional CT images were
reconstructed in 1024 · 1024 pixel matrices from 1,000 pro-
jections using a standard convolution-backprojection proce-
dure with a Shepp and Logan ﬁlter. Images were stored in 3D
arrays with an isotropic voxel size of 20 lm. Scans for testing
resolution dependence were performed with the same posi-
tioning of the femurs as in the reproducibility scans but at a
nominal resolution of 10 lm (high-resolution mode). The same
standard convolution-backprojection procedure was used, and
images were reconstructed in 2048 · 2048 pixel matrices.
Compartment Deﬁnitions: Volumes of Interest
The measurements for testing reproducibility were then ana-
lyzed in three diﬀerent preselected analysis compartments [11]:
compartement I included the full femur, compartment II
contained the trabecular bone in the distal metaphysis, and
Fig. 1. Compartmental mouse femur analysis. Full femur compartment is shown on the left side, cortical and trabecular
compartment on the right side. Percentages indicate the position of the compartments.
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compartment III comprised a 1-mm-thick slab in the midshaft
(Fig. 1). These volumes of interest (VOI) had to be deﬁned for
each measurement and analysis. To generate the compart-
ments, two contours had to be drawn slice-wise by an operator
in 2D using a semiautomatic tracking algorithm [27]. Contours
were drawn on slices orthogonal to the long axis of the femur
(superior-inferior direction). The ﬁrst contour characterized
the outer envelope of the femur, which was then used to deﬁne
the full femur (compartment I). Additionally, this outer con-
tour was used to automatically create the cortical compart-
ment III, which started at 56% of the whole femur length
(calculated from the great trochanter) and contained 50 slices
resulting in a stack height of 1 mm. The second contour de-
scribed the inner contour delineating cortical from trabecular
bone. This contour deﬁning the trabecular bone compartment
in the distal metaphysis started at two-thirds of the femur
length and stopped at a deﬁned number of slices above the
growth plate, to be sure to exclude any cortical structures from
the growth plate. The number of slices that have to be sub-
tracted from the ﬁrst slice showing parts of the growth plate is
directly proportional to the length of the femur and represents
30 slices (0.6 mm) for a normal adult mouse femur of 800 slices
(16 mm). Once the two contours were drawn, all three com-
partments were generated fully automatically using DCL
(Hewlett-Packard, Palo Alto, CA) and IPL (Scanco Medical)
script ﬁles.
Resolution dependence of microstructural parameters was
investigated in the trabecular bone compartment in the distal
metaphysis. Within that volume we selected a cube with a
side length of 840 lm (84 voxel) as the VOI. For the digi-
tally reduced images (20, 30, 40 lm), we also resampled this
VOI to voxel side lengths of 63, 42, and 21, respectively,
though keeping the volume and the position of the VOI
constant.
Image Processing
A constrained 3D Gaussian ﬁlter was used to partly suppress
the noise in the volumes, and the mineralized tissue was seg-
mented from soft tissues by a global thresholding procedure
[2]. These segmentation steps were applied to all three analysis
compartments but with diﬀerent parameters. As values for the
Gaussian ﬁlter, we used a sigma of 0.8 and support of one
voxel for the full and trabecular femur and a sigma of 3 and
support of three voxels for the cortical bone compartment
(elimination of small cortical porosities). The threshold values
were then set to 22.4% of the maximum gray scale value for the
full femur analysis, 16.0% for the trabecular compartment, and
25.0% for the cortical bone compartment. For resolution
dependence, we ﬁrst segmented the 10 lm resolution images as
described above and applied the resolution reduction on the
binarized images. Resolution reduction was performed with
factors of 2, 3, and 4, resulting in images with isotropic voxel
sizes of 20, 30, and 40 lm, respectively.
3D Morphometric Parameter Evaluation
Morphometric parameters were determined using a direct 3D
approach [28] in each of the three diﬀerent analysis compart-
ments. For the whole bone, only apparent volume density
(AVD) was assessed, which is the number of bone voxels,
deﬁned by the thresholding procedure, divided by the number
of all voxels within the outer contour describing the bone
envelope. Parameters determined in the metaphyseal
trabecular bone included bone volume density (BV/TV), tra-
becular thickness (Tb.Th), trabecular spacing (Tb.Sp), tra-
becular number (Tb.N), and connectivity density (Conn.D).
To assess resolution dependence, the same structural param-
eters (BV/TV, Tb.Th, Tb.Sp, Tb.N, and Conn.D) were also
determined in the trabecular subvolumes of the diﬀerent re-
sampled images. Percent cortical volume (%BV) and cortical
thickness (Ct.Th) were assessed in the 1-mm-thick cortical
volume in the diaphysis.
Statistics
PEs were deﬁned to best characterize the reproducibility of a
given bone measurement technique [23]. In that approach,
the short-term precision of an individual subject (SDj) is
deﬁned as the standard deviation of n repeated measure-
ments on a given subject j. PEs may be expressed in abso-
lute numbers or as coeﬃcients of variation (%CVj) of
repeated measurements given on a percentage basis. To
determine the short-term precision of the technique under
investigation, the individual precision data have to be
pooled. Since only the measured individual variances (SDj
2)
can be considered an unbiased estimate of the parameter r2
of the Gaussian normal distribution, these individual vari-
ances have to be averaged arithmetically to get the tech-
niques squared precision errors, SD2 and %CV2,
respectively. Consequently, the techniques PE is best given
by the root mean-square (RMS) average of the individual
subjects PEs for each of the m subjects:
SD ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Xm
j¼1
Xn j
i¼1
x ij  x j
 2
df
vuut ðEq: 1Þ
%CV ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Xm
j¼1
Xn j
i¼1
x ij  x j
 2
df  x j2
vuut  100% ðEq: 2Þ
The result of the ith measurement for subject j is xij, and xj
is the mean of all xij for subject j. The total number of
degrees of freedom (df) for a technique is the sum of the
degrees of freedom (dfj) of the measurements in the indi-
vidual subjects:
df ¼
Xm
j¼1
dfj ¼
Xm
j¼1
ðnj  1Þ ðEq: 3Þ
In this study, we calculated the SD PEs (PESD) as well as the
%CV PE (PE%CV) for the above-described eight structural
parameters for the scheme where we investigated repeated
measurements and analyses as well as repeated analyses on a
single measurement, respectively.
To determine how accurate the PEs were, we calculated a
conﬁdence interval (CI) for each of the PE%CV values. The
correct estimate of the 95% CI is not given by ± 2 times the
observed SD of all of the individual subjects PEs. Since a PE
cannot become negative but has no upper limit, the CI has to
be asymmetric. Therefore, the chi-squared (v2) distribution
was used. This distribution is asymmetric and depends on the
total number of degrees of freedom (df) given by Eq. 3. The
formula for a (1–a) Æ 100% CI of the true precision error r is as
follows:
df
v21a2;df
%CV2<r2<
df
v2a
2;df
%CV2 ðEq: 4Þ
Additionally, the mean of each parameter for eachmouse strain
used to determine the precision was calculated. Those mean
values should be stated in addition to the PEs because the pre-
cision may not be the same in osteopenic or osteoporotic pop-
ulations as it is in normal populations [29].
Another term classically used in reproducibility studies is
ICC, described by Shrout [24] and discussed more recently by
Vargha [30]. ICC is deﬁned as the intersubject variance divided
by the population variance. It therefore varies between 0 and 1,
where 1 indicates perfect reproducibility. The ICC model,
chosen for a reproducibility study with given repeated mea-
surements, is the two-way mixed model. This model assumes
randomly selected subjects, which are measured with a ﬁxed
number of repetitions, where those repetitions are the only
ones of interest. Following Shrout [24], the ICC(3,1), which
corresponds to the two-way mixed model, may be calculated as
follows:
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ICC ¼ F0  1
F0 þ ðn 1Þ ðEq: 5Þ
where F0 is the ratio of between-subject mean squares and the
residual within-subject mean squares and n is the number of
repetitions. We calculated the ICC and its 95% CI again for all
evaluated parameters in both repetition schemes. The formula
for calculating the CIs of the ICC can be found in Shrout [24].
To investigate the diﬀerence in the parameters of interest
between the two groups (mouse strains) and the possible eﬀects
within the repeated measurements and analysis, we performed
the general linear model (GLM) repeated measures procedure,
which provides an analysis of variance when the same mea-
surement is made several times on each subject.
Statistics were analyzed with the SPSS software package
(version 12.0 for Windows; SPSS, Chicago, IL).
Results
Repeated Measurement and Analysis
The GLM repeated measures procedure showed a sig-
niﬁcant eﬀect between the two strains for all calculated
parameters except Tb.Th. Therefore, the PEs had to be
calculated for both groups because, as mentioned before
and described by Bonnick [29], they might be diﬀerent
for the two strains with diﬀerent bone characteristics.
Then the 95% CI for this experimental setup was
calculated according to Eq. 3 and Eq. 4. The 95% CI
ranges from )21% to +36% of the PEs. The PE%CV for
the SJL strain was in the range from 0.5% (AVD) to
5.2% (Conn.D) and for the C3H strain, from 0.8%
(AVD) to 3.8% (Conn.D). Means, PESD, and PE%CV as
well as the 95% CIs for PE%CV are given in Table 1 and
PE%CV is graphically illustrated in Figure 2.
The ICC for the SJL strain ranged from 0.971
(Tb.Th) to 0.998 (Tb.Sp) and for the C3H strain, from
0.923 (Conn.D) to 0.996 (Ct.Th). ICC values and their
corresponding 95% CIs can be found in Table 2.
The GLM repeated measures procedure showed in
the multivariate analysis a signiﬁcant (P< 0.05) within-
subject eﬀect. When we examined the univariate tests for
each parameter, only AVD showed a signiﬁcant eﬀect
(Fig. 3).
Repeated Analysis
When one selected measurement was reanalyzed again
ﬁve times, the signiﬁcant diﬀerence between the strains,
as expected, remained the same for all parameters except
Tb.Th, which already was not aﬀected by strain. Values
of PE%CV ranged from 0.06% (%BV) to 3.48% (Tb.Th)
in the SJL strain and from 0.08% (%BV) to 2.83% (BV/
TV) in the C3H strain. Means, PESD, and PE%CV as well
as the 95% CI for PE%CV are given in Table 3. A
graphical illustration of the PE%CV can be found in
Figure 2.
The ICC for the SJL strain ranged from 0.920
(Tb.Th) to 1.000 (AVD, Tb.Sp, %BV, Ct.Th) and for
the C3H strain, from 0.976 (Conn.D) to 1.000 (%BV,
Ct.Th). ICC values and their corresponding 95% CIs for
the repeated analysis setup can be found in Table 4.
Like in the repeated measurement and analysis
setup, we found also for the repeated analysis a sig-
niﬁcant eﬀect between the repetitions. Looking at the
univariate tests revealed as before no signiﬁcant eﬀect
in AVD but a mild eﬀect in both BV/TV and Tb.Th
(P < 0.05).
Resolution Dependence
From the analysis of resolution dependence, we found
resolution having a strong eﬀect on Conn.D. The dif-
ference in Conn.D between 10 and 20 lm resolution
was 14.5%. Changes for BV/TV, Tb.Th, Tb.Sp, and
Tb.N were small, ranging from 0.05% for BV/TV to
3.1% for Tb.N. Nevertheless, all structural parameters
were highly correlated between the 10 and 20 lm res-
olution images: BV/TV (R2 = 0.99), Tb.Th
(R2 = 0.91), Tb.Sp (R2 = 0.99), Tb.N (R2 = 0.99),
and Conn.D (R2 = 0.98). Values for structural
parameters in all analyzed resolution modes can be
found in Table 5. A graphical representation of the
inﬂuence of resolution on trabecular bone structure is
shown in Figure 4.
Table 1. PEs and CIs for repeated measurement and analysis
SJL C3H
Parameters Mean PESD PE%CV 95% CI PE%CV Mean PESD PE%CV 95% CI PE%CV
AVD (%) 62.442 0.309 0.50% 0.40–0.68% 65.982a 0.536 0.81% 0.64–1.11%
BV/TV (%) 21.367 0.554 2.75% 2.17–3.74% 38.932a 1.406 3.56% 2.81–4.84%
Tb.Th (mm) 0.093 0.002 1.81% 1.43–2.46% 0.099 0.003 2.79% 2.21–3.80%
Tb.Sp (mm) 0.269 0.005 1.63% 1.29–2.21% 0.163a 0.003 1.88% 1.49–2.56%
Tb.N (mm)1) 3.754 0.063 1.78% 1.41–2.42% 5.758a 0.091 1.58% 1.25–2.15%
Conn.D (mm)3) 57.041 2.835 5.24% 4.14–7.12% 117.611a 4.472 3.80% 3.00–5.17%
%BV (%) 41.647 0.791 1.86% 1.47–2.53% 59.498a 0.742 1.28% 1.01–1.74%
Ct.Th (mm) 0.169 0.004 2.16% 1.70–2.93% 0.250a 0.003 1.37% 1.08–1.87%
a Students t-test between SJL and C3H, P < 0.05
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Discussion
In this study, we evaluated the reproducibility of lCT
measurements in femurs of two strains of mice. We
found that lCT has a high precision in evaluating bone
parameters in mouse femurs. The PEs were larger for
evaluated parameters in the metaphysis than for
parameters describing the whole bone or the midshaft.
The whole bone region was deﬁned by the outer con-
tour, which was also used to deﬁne the boundary of the
cortical compartment. The built-in semiautomatic con-
touring algorithm was used to deﬁne the bone envelope,
allowing minimal operator interaction and decision. Our
data analysis showed that the deﬁnition of those two
compartments was very reproducible. Values of PE%CV
in the repeated analysis were very low and ranged from
0.06% (%BV in SJL) to 0.23% (AVD in C3H). The PEs
in these two compartments were considerably higher for
the repeated measurement and analysis setup (Fig. 2).
This can be explained by the repositioning of the femurs
in the scanner causing angular variations of the selected
compartments and a variation in both the deﬁned con-
tours and the gray scale distribution in the images.
Nevertheless, with typical values for reproducibility
around and below the 2% level, structural parameters in
these compartments were still highly reproducible.
The trabecular compartment is deﬁned by the inner
contour. Since drawing this inner contour requires
more operator interaction, it is not surprising that the
PEs in this compartment are higher than in the regions
deﬁned by the outer contour. Additionally, selection of
the trabecular compartment is, similar to the other re-
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Fig. 2. PE%CV for the repeated measurements and analysis on the left side and the repeated analysis only on the right side for two
strains of mice and all structural parameters.
Table 2. ICCs and CIs for repeated measurement and analysis
SJL C3H
Parameters ICC 95% CI ICC ICC 95% CI ICC
AVD (%) 0.997 0.990–0.999 0.994 0.983–0.999
BV/TV (%) 0.997 0.992–0.999 0.988 0.964–0.998
Tb.Th (mm) 0.971 0.914–0.994 0.976 0.928–0.995
Tb.Sp (mm) 0.998 0.993–1.000 0.994 0.982–0.999
Tb.N (mm)1) 0.997 0.991–0.999 0.990 0.969–0.998
Conn.D (mm)3) 0.989 0.967–0.998 0.923 0.770–0.985
%BV (%) 0.972 0.915–0.994 0.994 0.981–0.999
Ct.Th (mm) 0.982 0.947–0.997 0.996 0.990–0.999
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gions, also dependent on the alignment of the femurs in
the scanner. This was also corroborated by the fact that
PEs were generally lower for the repeated analysis
setup. Nevertheless, analysis methods seemed very ro-
bust and precise when applied by an experienced
operator. Further improvement of the reproducibility
in the trabecular compartment as well as in the full and
cortical compartments could be achieved using fully
automated VOI deﬁnition methods, where no user
interaction would be required and which would com-
pensate for the angular misalignment of the sample in
the scanner.
The ICC showed a very high reproducibility, ranging
0.920–1.000. Since between-subject variances of inbred
strain groups are by deﬁnition expected to be very small,
the ICC values found in this study are very promising.
The within-subject variances (measurement and analysis
errors) are thus very small, and the presented compart-
mental analysis procedure is a highly reliable method for
assessing structural bone parameters in the mouse fe-
mur. Investigating the diﬀerent compartments, the ICC
values were generally also lower in the trabecular
compartment than in the full and cortical VOI and,
hence, conﬁrmed the ﬁndings for the PEs.
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Fig. 3. Estimated marginal means calculated
by GLM repeated measures analysis. Data
for both strains show a signiﬁcant trend
(P < 0.05) for the ﬁve subsequent
repetitions.
Table 3. PEs and CIs for repeated analysis
SJL C3H
Parameters Mean PESD PE%CV 95% CI PE%CV Mean PESD PE%CV 95% CI PE%CV
AVD (%) 62.724 0.070 0.11% 0.09–0.16% *66.132 0.144 0.23% 0.18–0.31%
BV/TV (%) 22.294 0.662 2.84% 2.25–3.87% *38.316 1.090 2.83% 2.24–3.86%
Tb.Th (mm) 0.096 0.003 3.48% 2.75–4.74% 0.098 0.002 2.09% 1.66–2.85%
Tb.Sp (mm) 0.267 0.001 0.59% 0.47–0.81% *0.165 0.001 0.78% 0.61–1.06%
Tb.N (mm)1) 3.780 0.038 0.95% 0.75–1.29% *5.735 0.040 0.69% 0.55–0.94%
Conn.D (mm)3) 58.339 1.879 3.29% 2.60–4.48% *117.567 2.388 2.06% 1.63–2.80%
%BV (%) 41.278 0.026 0.06% 0.05–0.09% *59.200 0.047 0.08% 0.06–0.11%
Ct.Th (mm) 0.169 0.000 0.08% 0.07–0.11% *0.248 0.000 0.08% 0.07–0.11%
*Students t-test between SJL and C3H, P < 0.05
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The signiﬁcant eﬀect between repetitions that oc-
curred for AVD in the repeated measurement and
analysis setup and for BV/TV and Tb.Th in the repeated
analysis seemed to be less problematic since those
within-repetition variances were much smaller compared
to the group variances. This could also be shown by the
very high ICC, which makes it possible to almost per-
fectly discriminate parameters between diﬀerent ani-
mals. It is still interesting to know that due to the
operator learning eﬀect with drawing contours, time-
dependent inaccuracies may arise. Therefore, it is
absolutely mandatory to analyze the data of diﬀerent
groups in a random fashion and for a new operator to
have an appropriate learning phase using test data be-
fore analyzing real studies. This is especially important
for upcoming in vivo systems where signiﬁcant although
subtle time-dependent trends could be produced that
would be caused solely by the operator learning curve.
Although the two groups showed a strongly signiﬁ-
cant diﬀerence in all analyzed parameters except Tb.Th,
PESD and ICC were in the same range for both strains.
Therefore, we expect that the precision, including the
upper conﬁdence limit for PEs and the lower conﬁdence
limit for ICCs, may be generalized to femurs of other
mouse strains with similar bone characteristics (age,
size).
PEs and ICCs can only be calculated for the analyzed
parameters, which makes it diﬃcult to compare them to
other techniques since diﬀerent techniques usually pro-
duce diﬀerent parameters. Only few data are available
using some of the same parameters as in this study.
Schmidt et al. [12] assessed reproducibility in mouse
femurs based on pQCT measurements. They found a
PE%CV of 2.1% for Ct.Th as measured from pQCT. This
is in good accordance with the 1.3% and 2.2% PEs for
C3H and SJL, respectively, found in our study using
lCT. Both techniques and analysis methods seem to
have a similar reproducibility for the Ct.Th parameter in
mouse femurs. Mu¨ller et al. [22] investigated human
trabecular structural indices (BV/TV, Tb.N, Tb.Th, and
Tb.Sp) in vivo in the distal end of the radius using
pQCT. In their study, ICC ranged from 0.453 (Tb.Th)
to 0.995 (Tb.Sp). Except for the Tb.Th parameter, they
also showed a similar reproducibility for pQCT-derived
trabecular parameters in human cancellous bone as
found in our study. Nevertheless, since only six subjects
with two repetitions were examined, it has to be noted
that the CIs were quite large.
Gomberg et al. [20] investigated reproducibility of
human trabecular bone structural parameters assessed
by high-resolution MRI (lMRI) and found a PE%CV
for BV/TV of 4.6% and an ICC of 0.97 in the radius and
a PE%CV of 6.1% and an ICC of 0.68 in the tibia. Newitt
et al. [18] and Laib et al. [19] also investigated the
reproducibility of human trabecular bone structure in
the distal radius by means of lMRI. The 2D apparent
trabecular parameters described by Newitt et al. [18]
were slightly less reproducible than the true 3D
parameters assessed by Laib et al. [19] but consistent
overall with data shown by Gomberg et al. [20]. The
trabecular compartment analysis presented here for
lCT (PE%CV <3.6% and ICC >0.988 for BV/TV)
seems to be even more reproducible with lower errors
and higher ICCs.
Table 4. ICCs and CIs for repeated analysis
SJL C3H
Parameters ICC 95% CI ICC ICC 95% CI ICC
AVD (%) 1.000 0.999–1.000 0.999 0.998–1.000
BV/TV (%) 0.996 0.988–0.999 0.996 0.988–0.999
Tb.Th (mm) 0.920 0.760–0.984 0.992 0.975–0.998
Tb.Sp (mm) 1.000 0.999–1.000 0.999 0.998–1.000
Tb.N (mm)1) 0.999 0.997–1.000 0.998 0.994–1.000
Conn.D (mm)3) 0.995 0.984–0.999 0.976 0.929–0.995
%BV (%) 1.000 1.000–1.000 1.000 1.000–1.000
Ct.Th (mm) 1.000 1.000–1.000 1.000 1.000–1.000
Table 5. Resolution dependence of structural parameters in trabecular bone
BV/TV (%) R2 Tb.Th (mm) R2 Tb.Sp (mm) R2 Tb.N (mm)1) R2 Conn.D (mm)3) R2
10 lm 21.089 0.071 0.227 4.279 96.779
20 lm 21.099 0.99 0.072 0.91 0.225 0.99 4.410 0.99 82.723 0.98
30 lm 21.063 0.99 0.075 0.96 0.229 0.99 4.424 0.98 72.584 0.91
40 lm 21.101 0.98 0.079 0.34 0.233 0.95 4.328 0.98 56.225 0.64
R2 values, correlation to 10 lm results (taken as the gold standard)
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With respect to resolution dependence, it must be
noted that digital resampling of a high-resolution image
at lower resolutions compared to actually scanning at
low resolutions underestimates the resolution depen-
dence of structural parameters [31]. Nevertheless, only
digital resampling allows comparison of exactly the
same VOI, whereas scanning at diﬀerent resolutions
brings in the issue of reproducibility of the analyzed
volume because the VOI has to be selected again. As
shown here, the PE might be up to 5% for structural
parameters even in measurements with the same reso-
lution. However, being aware of this eﬀect, we chose to
reduce the voxel size of already binarized images, which
is a worst-case scenario because structures below the
resampled resolution are preferentially lost. Voxel
reduction on gray scale images tends to preserve struc-
tural integrity by making structural components thicker.
The eﬀect of losing very thin structures with lower res-
olution is best seen in the very strong decrease of
Conn.D with resolution. Since Conn.D is very sensitive
to resolution and showed the highest PE when measured
with 20 lm resolution, it might be a problematic
parameter; and we recommend being careful with its use
at this resolution. Nevertheless, we conclude that the
relatively weak sensitivity of all other parameters to the
actual image resolution in the investigated range gives
good conﬁdence that the chosen imaging mode is suﬃ-
cient to assess and describe the trabecular microstruc-
ture as a whole (see Fig. 4).
However, one of the problems with limited resolution
imaging is that actual thickness measurements on the
level of individual trabeculae will always be overesti-
mated. This is partly due to the fact that the operator
typically will choose a relatively low segmentation
threshold to best preserve the connectivity and with that
increase thickness and volume. Nevertheless, as shown
in the resolution dependence study, the results from the
diﬀerent resolution steps (except 40 lm) are highly
correlated with each other, indicating that group dif-
ferences can still be preserved. Additionally, a very re-
cent study [32] showed that 3D measurements of
thickness are always about 40% higher than 2D results
from classical histology. Finally, a third source of vari-
ation is due to the analysis of diﬀerent anatomic regions
Fig. 4. Eﬀect of resolution dependence on trabecular bone structure. A Original image measured with voxel resolution of 10 lm.
B-D Trabecular structure with digitally reduced voxel resolution to 20, 30 and 40 lm,respectively.
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within the bone. This is actually best illustrated by the
current study, where mean thickness for the integral
metaphyseal area was 96 lm for SJL mice but thickness
measures in the same mice from the central part of the
metaphysis dropped to 72 lm.
It should be mentioned that we chose this imaging
mode with nominal resolution of 20 lm because of the
very fast scanning time (<30 minutes) as well as the
reasonable size of the generated image data (<500 MB).
These criteria allow for high-throughput scanning,
which is a precondition for phenotypic characterization
of large mouse populations (>1,000 animals) in genetic
linkage studies. Nevertheless, if very accurate results are
needed, the highest achievable resolution should be
used.
In conclusion, microtomographic imaging is a very
reliable and precise method, well suited for the nonde-
structive analysis of microstructural bone properties,
allowing assessment of even subtle skeletal phenotypes
in diﬀerent mouse strains as they often appear in mouse
genetics and molecular intervention.
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